We have developed a microarray-based system for cell adhesion profiling of large panels of cell-adhesive 
INTRODUCTION
Controlled cell adhesion to the extracellular matrix (ECM) is essential for a coordinated morphogenesis and growth of functional tissue during embryonic development, tissue differentiation, and regeneration (1) (2) (3) . Deregulation of cell adhesion occurs in many diseases and can contribute to the malfunction of tissues. For example, the abundance of integrins, a major family of ECM receptors, changes during tumor transformation. This is believed to contribute to the progression from a noninvasive to an invasive tumor stage (4) . Therefore, binding specificities between cells and ECM components as well as changes in binding strengths and molecular mechanisms underlying these changes have been studied for many years. At the same time, the continuing discovery of novel ECM proteins, receptors, and related signal transduction pathways results in increasing numbers of cell-substrate interactions being investigated (5) (6) (7) (8) . In addition, there is growing interest in characterizing cell attachment to synthetic materials, such as peptides, polymers, or recombinant ECM protein fragments for the purpose of designing matrices for tissue engineering (9) (10) (11) (12) . Modulation of cell-substrate interactions by environmental influences, such as growth factors, or intrinsic effects, such as altered gene expression, add additional complexity to the function of cell-substrate interactions being investigated (13) . Given the multitude of cell-substrate interactions, systematic screenings of cell attachment to large panels of substrates accelerate a comprehensive characterization and understanding of cell adhesion.
Most in vitro studies on cell-ECM interactions are performed by coating multiwell plates with ECM proteins or other adhesion molecules. This approach requires considerable quantities of substrate and cells. Because most ECM proteins are purified from tissues, they can be expensive and limited in quantity, especially when extracted from human sources. Another limiting factor is cell availability, especially when stem cells or cells from biopsied material are to be tested against a whole panel of ECM proteins or other substrates. The miniaturization of cell adhesion assays helps to facilitate higher throughput for such studies, and large panels of substrates can be examined rapidly while only small amounts of cells are needed. For this reason, microarrays of diverse cell binding substrates have been developed (14) (15) (16) (17) (18) (19) (20) (21) . These studies were mainly focused on the preparation of arrays containing various types of substrates and their effects on cells, but little attention has been given to the development of methods for accurate comparative measurements of cell adhesion in this miniaturized format. Here we describe an advanced cell microarray system that provides both reproducible immobilization of protein and a better control of cell culture conditions for differential cell adhesion measurements while using small amounts of cells.
Type I collagen from human placenta, human plasma-derived fibronectin, human tenascin, and laminin from human placenta were purchased from Chemicon (Temecula, CA, USA). Type III collagen from human placenta, type IV collagen from basement membrane of Engelbreth-Holm-Swarm (EHS) murine Sarcoma, type V collagen from human placenta, human vitronectin, human thrombospondin, EHS laminin, EHS heparan sulfate proteoglycan (HSPG), and poly-L-lysine were purchased from Sigma-Aldrich (Taufkirchen, Germany). Human cellular fibronectin was obtained from Upstate Biotechnology (Lake Placid, NY, USA), type IV collagen from human placenta was purchased from BD Biosciences (Bedford, MA, USA), human placenta-derived type VI collagen was purchased from Acris (Hiddenhausen, Germany), and bovine serum albumin (BSA) was acquired from Roth (Karlsruhe, Germany). BSA was labeled with TAMRA (Fluka Chemie AG, Deisenhofen, Germany), and the labeled protein was purified using a PD10 column (Pharmacia AB, Uppsala, Sweden) according to the manufacturer's instructions.
Preparation of Microarrays
Proteins were microspotted on nitrocellulose-coated glass microslides (NMI Technologietransfer GmbH, Reutlingen, Germany). Protein solutions were prepared in 0.5% (w/v) trehalose in phosphate-buffered saline (PBS) containing 0.0003% (v/v) of the nonionic detergent IGEPAL ® CA-630 [(octylphenoxy)polyethoxye thanol; Sigma-Aldrich] for collagens or 0.005% (v/v) IGEPAL CA-630 for all other proteins. For the chondrocyte adhesion assays, type III collagen was spotted in 0.4% (w/v) trehalose, 0.001% IGEPAL CA-630, and 5% glycerol. In general, we used the lowest protein coating concentration of a given protein at which the highest number of cells attached to a microspot in an adhesion assay. Furthermore, economic considerations were taken into account when expensive proteins were used as well as technical feasibility of printing these protein solutions with the ink-jet arrayer. Unless otherwise indicated, proteins were spotted at the following concentrations: 200 μg/mL poly-L-lysine, type III collagen, type V collagen, type VI collagen, fibronectin (human cellular), laminin (human placenta), and laminin (EHS); 400 μg/mL BSA; 50 μg/mL type I collagen (human placenta) and tenascin; 100 μg/ mL type IV collagen (human placenta), type IV collagen (EHS), fibronectin (human plasma), thrombospondin, and HSPG; 250 μg/mL vitronectin.
Except for microarrays prepared for chondrocyte adhesion assays, 1 μg/mL BSA-TAMRA was added to each protein solution for the visualization of microspots on slides with a laser scanner (GMS 418 Array Scanner™; Affymetrix, MWG, Ebersberg, Germany). Three nanoliters of protein solution per microspot were spotted with a Packard BioChip Arrayer™ (PerkinElmer Life Sciences, Meriden, CT, USA) onto the nitrocellulose-coated glass slides. Eight by eight microspots were arranged in rectangular arrays, and 12 arrays were placed on each slide. Arrays were printed in regular distances that fit cell cultivation chambers (ProPlat™; Grace Biolabs, OR, USA) such that each array comes to lie in one chamber. After microspotting, the slides were stored dry (without dessicant) at 4°C in a microslide storage box. All arrays in this study were used within threeand-a-half months after manufacturing. Stability tests performed with two cell lines (HEK 293, NIH 3T3) indicated that cells adhered with similar avidity to protein microspots of arrays stored up to 6 months (data not shown). Each experiment in the present study was performed with arrays of one printing batch and thus of the same age.
Cell Culture
The human embryonic kidney cell line HEK 293 and murine fibroblast cell line NIH 3T3 were propagated in Dulbecco's modified Eagle's medium (DMEM; Cambrex, East Rutherford, NJ, USA) with 10% heat-inactivated fetal bovine serum (FBS) and 2 mM Lglutamine (PAA Laboratories GmbH, Cölbe, Germany) in a humidified 5% CO 2 atmosphere at 37°C. Rat adrenal pheochromocytoma cells (PC12) were cultured in DMEM supplemented with 10% heat-inactivated horse serum (PAA Laboratories GmbH), 5% heat-inactivated FBS, and 2 mM L-glutamine in a humidified 10% CO 2 atmosphere at 37°C. The chondrocyte cell line C20A4 (22) and human primary chondrocytes isolated from donor knee cartilage (23) were cultured in monolayer in DMEM/ HAM F12 (2:1; Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated FBS (PAA Laboratories GmbH) and 54 μg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich) in a 5% CO 2 atmosphere at 37°C. All cultures were supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (both from Cambrex).
Cell Adhesion Assays
For HEK 293, NIH 3T3, and PC12 cell adhesion assays, the microarray slides were adjusted to room temperature for 1 h. Cell adhesion assays were carried out in ProPlate cultivation chambers mounted on microarray slides such that each array was positioned in one cultivation chamber that measured 7 × 7 mm. The wells were filled with 200 μL StabilGuard ® (SurModics, Eden Prairie, MN, USA), incubated at room temperature for 20-60 min to block unspecific binding sites, and subsequently washed twice with PBS. Cells that had been grown on tissue culture dishes were removed by trypsinization (0.5 mg/mL trypsin, 0.2 mg/mL EDTA in PBS; PAA Laboratories GmbH). After the cells had detached from the culture plate, 10 mL medium containing 10% serum were added to the cell suspension, and the cells were subsequently washed once in serumfree medium. Cells (2 × 10 4 ) in 200 μL serum-free medium were then seeded onto each array. The seeded microslides were kept for 4 h at 37°C and CO 2 concentrations as indicated above. During the first 2 h of incubation, the slides were agitated for 4 s counterclockwise at 750 rpm every 10 min by a programmable shaker (Variomag Teleshake; H+P Labortechnik AG, Oberschleißheim, Germany). After cultivation, the chambers were removed from the slides, the slides were washed by immersing in PBS containing Ca 2+ / Mg 2+ (Cambrex) in a 50-mL screwcap tube, and the cells were fixed and stained in a Coomassie™ solution (0.05% w/v Coomassie Brillant Blue, 50% methanol, 10% acetic acid). The cells were washed in PBS three times for 5 min, stained with 4′,6-diamidino-2-phenylindole (0.5 μg/mL DAPI in PBS), and the slides were mounted in 0.2 M Tris-HCl, pH 8.5, 25% (w/v) glycerol, and 10% (w/v) Mowiol ® (Calbiochem, La Jolla, CA, USA). The colonized microarrays were analyzed with a Axiovert 35M fluorescence microscope (Carl Zeiss, Oberkochen, Germany) using a 10× objective and motorized stage (Prior, Cambridge, UK). Images were acquired with a DC300F camera (Leica, Wetzlar, Germany). Macros for stage control, semiautomated image acquisition with predictive autofocus, and subsequent quantitation of cells on each microspot by counting DAPI-stained nuclei were written in Qwin 2.7 (Leica). The JMP™ Version 5.0 software (SAS Institute, Cary, NC, USA) was used for statistical analyses of the data.
For chondrocyte adhesion assays, arrays were prepared as described above. Chondrocytes (10 6 ) suspended in culture medium were labeled with 5 μL/mL DiD (Molecular Probes™; Invitrogen) for 20 min at 37°C and subsequently washed two times with medium. Unless indicated otherwise, 10 4 labeled cells in 200 μL medium were seeded on each array and incubated at 37°C as described above. Arrays were washed with PBS to remove unbound cells. Remaining cells were fixed with 4% paraformaldehyde in PBS for 20 min. The slides were washed with deionized water immediately before they were laser-scanned with a confocal fluorescence scanner (GMS 418) to detect the DiD fluorescence signal. Images were analyzed with the Quant Array Software (Packard), and curves were fitted with Origin ® 6.0 software (Microcal Software, Northampton, MA, USA).
RESULTS

The Microarray System
During the production of the ECM microarrays, we particularly focused on providing optimal conditions for the measurement of differential cell adhesion. We used microslides with a thin nitrocellulose layer to ensure adequate protein adsorption for cell binding and sufficient optical clarity for bright-field microscopy ( Figure 1B , bottom, and Figure 1C , top). The nitrocellulose layer can be easily blocked with appropriate reagents, such as StabilGuard, to avoid unspecific cell attachment. Because quantitative microspotting is of particular importance for the reproducible generation of protein microspots of similar protein content, we used a piezoelectric arrayer that dispenses constant volumes of protein solution and showed no carryover of protein from microspot to microspot.
An overview of the microarray slide and its application in a typical cell adhesion assay is shown in Figure  1 . Twelve arrays each consisting of 64 microspots of protein mixed with low amounts of fluorescently labeled BSA were placed on one microslide ( Figure  1A ). Microspots measured 300 μm in diameter and were spotted with a 500-μm center-to-center distance ( Figure  1B, top) . Each microarray consisted of 14 different ECM proteins printed in rows of four microspots and a positive (poly-L-lysine) and negative (BSA) control substrate ( Figure 1B, top) . Laser scanning of the microslides showed that each quadruplet of microspots containing the same substrate had similar fluorescence intensities, confirming the reproducible spotting quality that can be achieved by the piezoelectric-driven dispension. Arrays colonized with cells show different numbers of cells adhering to microspots of different types of substrates ( Figure 1B, bottom) . An example of a subconfluent colonization of a microspot is shown in Figure 1C . 
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As expected, cells attached to the positive-control substrate poly-L-lysine but not to microspots containing BSA ( Figure 1B, bottom panel) . Because this binding pattern was reproducible for each cell type and the control microspots were arranged in squares in the upper left corner of each microarray, this pattern was used to recognize the orientation of the array during microscopy and image analysis.
Uniform Cell Distribution on Microarrays
Because all microspots were located in one incubation chamber, we had to ensure that differences in the numbers of cells attached to microspots are due to specific cell-substrate interactions and not to an uneven distribution of cells in the incubation chamber. To determine conditions required for a uniform cell distribution, we incubated HEK 293 cells on microarrays consisting solely of fibronectin microspots. Because cells bind with the same avidity to all microspots of this substrate, similar cell counts on each microspot would indicate an even cell distribution. We used an electronically controlled shaker to agitate slides and distribute cells within the incubation chamber. Because high cell densities may lead to a saturation of microspots with cells and may not reveal differences in cell distribution in the array, we also determined the appropriate cell number to be seeded on an array for a subconfluent colonization of each microspot. Best results were achieved when microarrays were incubated with 2 × 10 4 cells in a volume of 200 μL and were agitated in a circular mode at a frequency of 750 rpm for 4 s. This agitation was repeated every 10 min for 2 h to resuspend unattached cells for redistribution on the microarray. A typical array of attached HEK 293 cells obtained under these conditions is shown in Figure 2A . A cone graph in Figure 2B shows similar cell numbers on all 64 microspots. For statistical evaluation of cell distribution, we incubated HEK 293 cells on 12 microarrays, printed on one slide. The number of cells per spot were found to be normally distributed as analyzed by the Shapiro-Wilk normality test (W = 0.98 and P = 0.2091, Figure   2C ). We then tested the reproducibility of a uniform cell distribution by incubating cells on 72 microarrays on a total of six slides. In this experiment, we changed several parameters, such as microslide batch, cell line, experimental day, and operator. The variation coefficients of cell counts per microspot were calculated for each array and ranged from 9.2% to 24.3%, with a median value of 13.4% (Table 1 ). The median value indicates that the majority of cell counts per microarray were within an acceptable range, and a uniform cell distribution was reproducible among the 72 microarrays.
As an additional result of these experiments, we routinely included two microarrays consisting of poly-Llysine microspots only on each slide of microarrays ( Figure 1A , top). Cells used in each experiment were incubated in parallel on these poly-L-lysine arrays, and the distribution of cells was judged by microscopic inspection after each experiment. Because all chambers of one slide are subjected to the same incubation conditions in an experiment and cells should bind with similar avidity to each poly-L-lysine microspot, this allowed us to judge whether a uniform cell distribution in all cultivation chambers had been achieved.
Comparative Profiling of Cell Adhesion to Different ECM Proteins
The multiple substrate array was used to compare the adhesion of different cell types to a panel of ECM proteins. We tested three cell lines, the epithelial cell line HEK 293, NIH 3T3 fibroblasts, and the neuroendocrine cell line PC12. The three cell lines were expected to adhere with different avidities to various ECM proteins due to their specific tissue origin and physiological function. Because differences in cell seeding numbers can occur when using different cell suspensions and because cells of different types can be of different sizes, we normalized cell numbers per spot to cell numbers obtained on poly-L-lysine spots in each array. A comparison of cell adhesion to 14 ECM proteins revealed considerable differences between the three 
Differential Cell Adhesion on Microarrays with Different Substrate Densities
The ECM microarray described here was fabricated by microspotting each protein at a high concentration, resulting in microspots of protein densities at which cells reached maximum binding. However, changes in cell adhesion must not necessarily be revealed when high densities of matrix proteins are used. Therefore, many researchers test cell adhesion to a range of different amounts of protein (24) (25) (26) . To adapt this approach to the miniaturized format, we prepared arrays consisting of type II collagen microspotted at different concentrations. Similar to enzyme-substrate EC 50 (effective concentration, 50%) calculations, the adhesion to different substrate densities obtained from different coating concentrations can be plotted on a logarithmic scale, and the coating concentration at which half-maximal cell binding occurs can be calculated. We incubated different numbers of cells, ranging from 2500 to 20,000 cells on such arrays. Results show that values of half-maximal binding do not significantly differ and are independent of the number of cells seeded ( Figure  4) . Thus, measuring cell adhesion to a range of different substrate densities is a robust method to compare cell adhesion between different cell populations even if experimental errors in cell counting occur and cell numbers of the used cell populations are not quite comparable.
We used such arrays to determine different binding properties between a chondrocyte cell line (27) and primary chondrocytes on type III collagen. For both cell lines, up to a protein coating concentration of 100 μg/mL, the number of cells increased with increasing coating concentrations ( Figure 5) . At a coating concentration of 100 μg/mL and above, both cell lines reached a plateau in cell numbers binding to the microspots. A reason for this could be that the nitrocellulose surface was saturated with protein at these high coating concentrations or cells could not increase their avidity to the protein when the protein was present above a certain density. The number of attached cells did not significantly differ between the two cell types at a coating concentration of 100 μg/mL and above. This indicates that a difference in adhesion cannot be detected at a concentration of 200 μg/ mL, which is the coating concentration used for most proteins in our ECM microarray. At lower concentrations, however, the primary cells reached half-maximal binding at approximately six times lower coating concentrations than the cell line. Thus, the chondrocyte cell line adheres with lower avidity to type III collagen compared with primary chondrocytes.
DISCUSSION
With the increasing interest in investigating interactions between cells and large numbers of substrates, there is a concurrent need to increase Figure 3 . Comparison of cell adhesion profiles of three cell lines. HEK 293, NIH 3T3, and PC12 cells were incubated on ECM microarrays for 4 h. Cell counts were normalized against average cell counts on poly-L-lysine microspots. Each bar represents the mean value of four microspots. Error bar = sd. PLL, poly-L-lysine; BSA, bovine serum albumin; C I, type I collagen; C III, type III collagen; C IV, type IV collagen; C V, type V collagen; C VI, type VI collagen; FN, fibronectin; LN, laminin; TSP, thrombospondin; HSPG, heparan sulfate proteoglycan; TN, tenascin; VN, vitronectin; hplc, human placenta; hpls, human plasma; hu, human; EHS, Engelbreth-Holm-Swarm murine Sarcoma; HEK, human embryonic kidney; ECM, extracellular matrix.
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the throughput of assays while keeping expenditure of material, time, and cells at a reasonable level. We have developed a microarray system and cell adhesion assay protocols that are particularly suited for miniaturized comparative measurement of cell adhesion to large panels of substrates with minimal expenditure of adhesive substrate and cells. Quantitative comparisons of cell adhesion require reproducible substrate preparation and cell culture procedures. Using a nitrocellulose-coated surface in combination with piezoelectric microspotting, we were able to generate arrays of microspots with a highly reproducible protein content. The protein binding capacity of the nitrocellulose coating was well suited to bind a broad range of different amounts of protein, which allowed us to generate arrays of microspots with increasing protein densities. Several cell microarrays have been developed to comparatively measure cell attachment to a variety of substrates, including polymers, glycans, peptides, antibodies, major histocompatibility complex (MHC)-peptide complexes or ECM proteins (14) (15) (16) (17) (18) (19) (20) (21) . In these works, the preparation of substrate was emphasized but little attention was paid to the adaptation of quantitative cell adhesion measurements to the miniaturized format. For example, entire microslides were incubated with cells in cell culture dishes (14, 17) . Unless the arrays are as large as the microslide, there is a high expenditure of cells relative Receptor-mediated interaction of cells with ECM proteins often leads to a strengthening of adhesion during the first 15 min and beyond, after the first contact with the adhesive substrate. During this time, cytoplasmic moieties of the receptor molecules recruit intracellular cytoskeletal structures that lead to the strengthening of the adhesion (28) . The 10-min interval in our experiment thus provides sufficient time for this molecular response to be initiated. However, variations of this time interval could possibly reveal differences in the phenotype of cell adhesion behavior, especially when comparing different cell types or cell treatments and densities of substrate molecules. Using the array system described here, it is possible to generate adhesion profiles of 10 different cell populations to multiple substrates on one microslide. Our statistical evaluation showed that this method yields reproducible results with standard deviations comparable to those obtained from cell adhesion measurements in multiwell plates (25, 29) . Subsequent statistical analysis can be applied to determine significant differences in cell adhesion. However, we also showed that at high amounts of immobilized protein, small differences in cell adhesion were not always revealed. This became evident when we probed a chondrocyte cell line against primary cells on an array consisting of microspots with increasing amounts of type III collagen. The chondrocyte cell line had previously been generated by immortalization with simian virus 40 (SV40) large T antigen and is known for its different expression profile of integrins when compared with primary cells (27) . Comparison of adhesion profiles of the two different cell populations showed that the cell line has a lower binding capacity to type III collagen than primary cells. However, the difference was only apparent on microspots generated with low coating concentrations. We conclude that arrays of microspots of different protein densities can be used for more sensitive detection of differences in adhesion. Moreover, the abundance of data obtained from a microarray containing an extensive range of protein densities makes the adhesion assay more reliable.
Concentration in Printing Solution
In conclusion, we developed a cell microarray system and assay protocols for accurate and sensitive measurements of differential cell adhesion to large panels of substrates while using minimum amounts of adhesive substrate and cells. Many applications that interrogate cell-substrate adhesion can be performed in this system. For example, profiling of cell adhesion to various substrates could be used as a diagnostic tool for diseased cells, effects of therapeutic treatments, or changes of gene expression on cell adhesion could be determined, or the arrays could be used for screening substrates for cell adhesion for tissue engineering.
